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Summary
Plasticity of feedforward inhibition in the hippocam-
pal mossy fiber (MF) pathway can dramatically influ-
ence dentate gyrus-CA3 dialog. Interestingly, MF in-
puts to CA3 stratum lucidum interneurons (SLINs)
undergo long-term depression (LTD) following high-
frequency stimulation (HFS), in contrast to MF-pyra-
mid (PYR) synapses, where long-term potentiation
(LTP) occurs. Furthermore, activity-induced potentia-
tion of MF-SLIN transmission has not previously been
observed. Here we report that metabotropic gluta-
mate receptor subtype 7 (mGluR7) is a metaplastic
switch at MF-SLIN synapses, whose activation and
surface expression governs the direction of plasticity.
In naive slices, mGluR7 activation during HFS gener-
ates MF-SLIN LTD, depressing presynaptic release
through a PKC-dependent mechanism. Following ag-
onist exposure, mGluR7 undergoes internalization,
unmasking the ability of MF-SLIN synapses to un-
dergo presynaptic potentiation in response to the
same HFS that induces LTD in naive slices. Thus, se-
lective mGluR7 targeting to MF terminals contacting
SLINs and not PYRs provides cell target-specific plas-
ticity and bidirectional control of feedforward inhi-
bition.
Introduction
Despite rapid progress in elucidating the cellular mech-
anisms responsible for long-term plasticity at excitatory
synapses between principal cells, relatively little insight
has been gained concerning plasticity of excitatory
drive onto inhibitory interneurons. Moreover, excitatory
transmission typically displays cell target-specific reg-
ulation, indicating that the same rules governing plas-*Correspondence: pelkeyk2@mail.nih.gov; mcbainc@mail.nih.govticity at principal cell synapses cannot necessarily be
applied to equivalent inputs onto interneurons (Macca-
ferri et al., 1998; Markram et al., 1998; Reyes et al.,
1998; Scanziani et al., 1998; Toth et al., 2000; Toth and
McBain, 2000). In the hippocampus, mossy fiber (MF)
axons arising from dentate gyrus granule cells provide
excitatory glutamatergic input to area CA3, synapsing
with both CA3 pyramidal cells (PYRs) and stratum lu-
cidum inhibitory interneurons (SLINs). This synaptic ar-
rangement generates a strong feedforward inhibitory
circuit as SLINs, which provide inhibitory inputs to CA3
PYRs, are more readily excited by MFs than are PYRs
(Lawrence et al., 2004). Such feedforward inhibitory cir-
cuits provide exquisite control over network excitability
through surround inhibition and by shaping temporal
windows for input summation and spike generation in
principal cell targets (Lawrence and McBain, 2003; Mori
et al., 2004; Pouille and Scanziani, 2001). Thus, plastic-
ity of MF feedforward inhibition has the capacity to dra-
matically influence CA3 information processing.
Interestingly, MF axons innervate their divergent CA3
postsynaptic targets via anatomically distinct presyn-
aptic elements: inputs onto PYRs are formed by large,
complex presynaptic boutons (mossy terminals), while
SLINs are innervated by small en passant varicosities
or filopodial extensions (Acsady et al., 1998). Postsynapti-
cally, α-amino-3-hydroxy-5-methyl-isoxazole-4-propionic
acid subtype glutamate receptors (AMPARs) at MF-
SLIN synapses comprise a continuum ranging from
GluR2-lacking, Ca2+-permeable channels (CP-AMP-
ARs), to GluR2-containing, Ca2+-impermeable channels
(CI-AMPARs), whereas MF-PYR synapses contain only
CI-AMPARs (Lei and McBain, 2002; Toth and McBain,
1998). Both CI-AMPAR and CP-AMPAR containing MF-
SLIN synapses exhibit long-term depression (LTD) in re-
sponse to high-frequency stimulation (HFS) (Lei and
McBain, 2002; Lei and McBain, 2004; Maccaferri et al.,
1998; Toth et al., 2000). Activity-induced LTD of MF-
SLIN transmission at CI-AMPAR synapses is mediated
by postsynaptic N-methyl-D-aspartate subtype gluta-
mate receptor (NMDAR) activation with subsequent
AMPAR internalization similar to postsynaptically ex-
pressed LTD observed at excitatory synapses through-
out the CNS (Lei and McBain, 2002; Lei and McBain,
2004). In contrast, LTD at CP-AMPAR containing MF-
SLIN synapses is NMDAR independent and expressed
presynaptically as a reduction in transmitter release (Lei
and McBain, 2004). Similarly, MF-PYR plasticity has a
presynaptic expression; however, the same HFS used
to induce LTD at MF-SLIN synapses generates long-
term potentiation (LTP) at MF-PYR synapses (Toth et
al., 2000), indicating that long-term plasticity of release
in MF terminals arising from common afferents is cell
target specific.
The disparate presynaptic MF plasticity in response
to the same induction protocol at SLIN versus PYR syn-
apses could be achieved by anatomical segregation of
different signaling molecules to terminal sites contacting
SLINs and PYRs. One protein capable of regulating pre-
synaptic function, known to be differentially expressed at
MF terminals contacting interneurons and PYRs, is the
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LWithin CA3, mGluR7 specifically localizes to the pre-
ssynaptic active zone of both en passant and filopodial
extension MF terminals innervating SLINs, with essen-
Stially no expression at PYR inputs (Shigemoto et al.,
s1997). The exceptionally low affinity of mGluR7 for glu-
Ltamate suggests that the receptor will only be activated
mduring periods of intense presynaptic activity, making it
ian attractive candidate to initiate activity-induced plas-
tticity. Furthermore, mGluR7 activation depresses syn-
aaptic transmission at a variety of central synapses (Lo-
Psonczy et al., 2003; O'Connor et al., 1999; Perroy et al.,
C2002a) and is implicated in a form of LTD expressed at
astratum radiatum interneurons (Laezza et al., 1999).
pThus, in the present study we have examined the role
aof mGluR7 in presynaptic MF-SLIN plasticity.
r
wResults
s
Agonist-Induced mGluR7 Activation Generates
cPresynaptic Chemical-LTD of MF-SLIN Transmission
vWe assayed MF synaptic transmission in acute mouse
ehippocampal slices by recording from visually identified
wSLINs and PYRs (Figure 1A) while evoking monosynap-
gtic excitatory postsynaptic currents (EPSCs) with low-
Mintensity MF stimulation. EPSCs exhibited latency/
c20%–80% rise times of 1.8 ± 0.04/0.49 ± 0.02 ms for
hSLINS (mean ± SEM; n = 103) and 1.6 ± 0.03/1.1±.06
nms for PYRs (n = 20) at room temperature, consistent
wwith previous reports of monosynaptic events at these
m
two synapses (Lawrence et al., 2004; Toth et al., 2000).
d
Recordings in which current-voltage relationships were
q
obtained revealed that all synapses assayed were in-
(
wardly rectifying (mean rectification index of 0.30 ±
a
0.05, n = 15; Figure 1B), indicative of CP-AMPARs,
c
which only express an NMDAR-independent presynap- m
tic LTD (Lei and McBain, 2002; Lei and McBain, 2004). a
To further ensure that we recorded strictly NMDAR- u
independent regulation of MF-SLIN synapses, all re- s
cordings were done in the presence of the NMDAR an- s
tagonist DL-APV (50–100 M). b
Following a stable baseline period of recording (typi- i
cally 5–10 min), perfusion with the group III mGluR-spe- p
cific agonist L-AP4 (200 M) for 5 min depressed MF- M
SLIN transmission to 46% ± 6.8% of control (n = 10; E
p = 4.5 × 10−5; Figures 1C and 1E). This depression o
was irreversible, with no significant recovery following F
prolonged washout (up to 40 min) of L-AP4: EPSC am- e
plitude remained at only 54% ± 9.7% of control 20 min a
post-L-AP4 washout (n = 9; p = 4.3 × 10−3 versus base- t
line; p = 0.21 versus 5 min L-AP4). In contrast, MF-PYR e
synapses displayed reversible depression by L-AP4 8
(200 M), indicating that persistent L-AP4 inhibition is m
peculiar to MF-SLIN synapses and does not result from M
an inability to wash the agonist from slices (inset in Fig- S
ure 1E). Additionally, irreversible depression of MF-SLIN M
transmission was specific to activation of group III (
mGluRs, since group II mGluR activation with DCGIV D
(used to define the MF origin of evoked EPSCs [Kamiya 2
et al., 1996; Lawrence et al., 2004; Toth and McBain, l
1998]; also see Experimental Procedures) produced p
fully reversible depression of MF-SLIN transmission s
without altering the ability of subsequent L-AP4 appli- c
cation to depress transmission (Figure 1D, also see Fig-res 4A and 6C). Thus, group III mGluR activation with
-AP4 produces a chemical form of LTD at MF-SLIN
ynapses.
Activity-induced NMDAR-independent LTD of MF-
LIN transmission is expressed as a reduction in pre-
ynaptic release of transmitter (Lei and McBain, 2002;
ei and McBain, 2004). To determine whether L-AP4-
ediated MF-SLIN LTD also proceeds via a depression
n presynaptic function, we performed paired-pulse ra-
io (PPR), coefficient of variation (CV), and failure rate
nalyses (Figure 1F, also see traces in 1D). Increases in
PR from 1.1 ± 0.10 to 1.8 ± 0.12 (n = 10, p = 1.0 × 10−5),
V from 0.65 ± 0.07 to 1.1 ± 0.12 (n = 7, p = 1.1 × 10−3),
nd failure rate from 0.23 ± 0.05 to 0.46 ± 0.06 (n = 10,
= 2.6 × 10−4) after L-AP4 treatment indicate that, like
ctivity-induced presynaptic LTD, L-AP4-mediated LTD
esults from depressed presynaptic release, consistent
ith the presynaptic expression of mGluR7 at MF-SLIN
ynapses (Shigemoto et al., 1997).
mGluR7 belongs to the group III subfamily of mGluRs
ontaining mGluR4, 6, 7, and 8, all of which can be acti-
ated by L-AP4 (Conn and Pin, 1997). While mGluR6
xpression is limited to the retina, mGluR4 and 8, along
ith mGluR7, are expressed in the hippocampus (Shi-
emoto et al., 1997). To determine if L-AP4-induced
F-SLIN LTD is mediated by mGluR7, we varied the
oncentration of L-AP4 as the other group III mGluRs
ave approximately 100-fold higher affinity for the ago-
ist than mGluR7 (Conn and Pin, 1997). Perfusing slices
ith low L-AP4 concentrations (%20 M) saturating for
GluR4 and 8, but insufficient for mGluR7 activation,
id not alter MF-SLIN transmission, whereas subse-
uent application of the higher L-AP4 concentration
200 M) produced robust chemical LTD (Figures 2A
nd 2B). Consistent with the lack of effect of a low con-
entration of L-AP4, combined application of the
GluR4- and 8-specific agonists, DCPG and ACPT-1,
lso did not affect MF-SLIN transmission (inset in Fig-
re 2A). Nonspecific effects of high L-AP4 doses on
ynaptic transmission are unlikely, since DCGIV-insen-
itive, CA3 collateral inputs to SLINs were not altered
y L-AP4 (400 M; Figure 2B). Furthermore, L-AP4-
nduced MF-SLIN LTD was blocked when slices were
erfused with the group III mGluR-specific antagonist
SOP (100 M) prior to and during L-AP4 treatment:
PSC amplitude was 96% ± 7.9% of control after 5 min
f L-AP4 application in the presence of MSOP (n = 10,
igure 2B). In contrast, MSOP had no effect on pre-
stablished L-AP4-mediated LTD at MF-SLIN syn-
pses, providing an additional control to demonstrate
hat chemical LTD does not result from continued pres-
nce of L-AP4 within slices: EPSC amplitude was 49% ±
.6% of control 5 min post-L-AP4 application and re-
ained at 52% ± 6.2% of control following 10 min of
SOP application (n = 6; p = 0.78; see Figure S1 in the
upplemental Data available with this article online). At
F-PYR synapses, both low concentrations of L-AP4
20 M) and combined application of ACPT-1 with
CPG reversibly depressed EPSC amplitude (Figures
C and 2D), indicating that these synapses are regu-
ated by high-affinity group III mGluRs. Based on these
harmacological profiles, we conclude that at MF-SLIN
ynapses L-AP4 and MSOP are mGluR7 specific. In
ontrast, MF-PYR synapses are modulated by othergroup III mGluRs (but see Lanthorn et al., 1984, for spe-
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91Figure 1. Group III mGluR Activation Produces Chemical LTD of MF-SLIN Synapses
(A) Confocal images (20×, maximum projections) displaying diverse morphology of SLINs that were filled with biocytin through the recording
pipette (sp, stratum pyramidale; so, stratum oriens). Also shown is a PYR for comparison (bottom right). Scale bars are 80 m for all panels.
(B) Representative current-voltage (I-V) relationship of AMPAR-mediated MF-SLIN synaptic transmission and group rectification indices (RIs).
Traces display ten averaged EPSCs recorded at holding potentials ranging from −60 mV to +40 mV while stimulating MF inputs (scale bars,
20 pA/5 ms). The strong inwardly rectifying I-V relationship and RI values indicate that the EPSCs are mediated primarily by CP-AMPARs. (C)
Scatter plot of EPSC amplitude over time from a single recording illustrating L-AP4 (200 M) mediated depression of MF-SLIN transmission.
MF origin of the EPSCs was confirmed by DCGIV (0.5 M) application at the end of the experiment. (D) Single MF-SLIN EPSC recording
illustrating reversible group II mGluR-mediated inhibition of MF-SLIN synapses. Note that prior DCGIV exposure does not alter L-AP4-induced
inhibition. Traces are EPSC pairs evoked by paired stimuli (20 Hz) at the times indicated. Note changes in PPR during both DCGIV and L-AP4
inhibition. (E) Summary plot of normalized EPSC amplitude demonstrating the time course of L-AP4-induced chemical LTD of MF-SLIN
transmission (n = 10–20 min and 9–40 min). The inset displays reversible depression at MF-PYR synapses by L-AP4 (200 M; n = 5). (F)
Changes in PPR, CV, and failure rate associated with L-AP4-mediated depression of MF-SLIN synapses (**p < 0.01). Traces in (C) and (D) are
the average of 20 consecutive EPSCs evoked at the times indicated, with scale bars equal to 20 pA/20 ms (stimulus artifacts blanked). Error
bars in (E) and (F) represent SEM.
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92Figure 2. Pharmacology of Group III mGluR-Mediated Inhibition at MF-SLIN and MF-PYR Synapses
(A) Single recording illustrating that low concentrations of L-AP4 (20 M) are insufficient to depress MF-SLIN transmission and that a subse-
quent higher dose of L-AP4 successfully induces a long-lasting depression of transmission. Traces are the average of 20 consecutive EPSCs
evoked at the times indicated (scale bars, 20 pA/20 ms). The inset shows that the mGluR4 and 8 agonists ACPT-1 (20 M) and DCPG (1 M)
also do not depress MF-SLIN synapses. (B) The left panel illustrates the dose-inhibition curve for L-AP4 at MF-SLIN synapses. Each point
represents the degree of inhibition (% Control) of MF-SLIN EPSCs observed after L-AP4 perfusion averaged from at least four cells. The
curve is the best fit of the average points to a logistic equation. The right panel bar graph illustrates the effect of L-AP4 on MF-SLIN EPSCs
when applied in the presence of MSOP (n = 10) and the effect of L-AP4 on CA3 collateral inputs to SLINs (DCGIV insensitive, n = 14). Pooled
data for 200 and 400 M L-AP4 is also plotted for comparison (n = 28). Values for both panels correspond to EPSC amplitude obtained after
5 min of L-AP4 application expressed as a percentage of control EPSCs obtained just prior to L-AP4 perfusion. (*p < 0.05, **p < 0.01 versus
control EPSC amplitude obtained prior to drug application). (C) A low concentration of L-AP4 (20 M) reversibly depresses MF-PYR synaptic
transmission (n = 5). (D) Combined application of mGluR4 and 8 agonists reversibly depresses MF-PYR synaptic transmission (n = 6). Traces
in (C) and (D) are from representative recordings obtained at the times indicated (scale bars, 100 pA/20 ms). Error bars throughout are SEM.cies differences), highlighting the compartmentalized o
nature of synaptic regulation within MF terminals con- w
tacting SLINs and PYRs. 1
l
cActivity-Induced MF-SLIN LTD Requires
dmGluR7 Activation
dHaving determined that mGluR7 activation by exoge-
mnous agonist paired with basal synaptic stimulation is
ssufficient to produce presynaptic MF-SLIN LTD, we
(next examined whether mGluR7 is necessary for activ-
mity-induced presynaptic LTD at this synapse. In control
recordings, HFS of MF afferents produced robust LTD Mf MF-SLIN synaptic transmission: EPSC amplitude
as 51% ± 7.9% of control 15 min post-tetanus (n =
0; p = 7.5 × 10−4; Figures 3A and 3C). The presynaptic
ocus of expression was confirmed by significant in-
reases in PPR, CV, and failure rates following LTD in-
uction (Figure 3D). Furthermore, LTD of excitatory
rive onto SLINs was input specific, since in experi-
ents where CA3 collaterals (DCGIV insensitive) were
timulated, EPSC amplitude remained stable after HFS
Figure 3C; cf. Laezza et al., 1999). To determine if
GluR7 activation is necessary for activity-induced
F-SLIN LTD, slices were perfused with the selective
mGluR7 Governs Excitatory Drive onto Interneurons
93Figure 3. Activity-Induced MF-SLIN LTD Is Mediated by mGluR7 Activation
(A) Scatter plot of MF-SLIN EPSC amplitude for a representative recording in which LTD was evoked by HFS (arrow). The inset shows MF-
PYR synapse LTP in response to the same stimulus paradigm for comparison. (B) Representative recording showing blockade of MF-SLIN
LTD by MSOP (100 M) application during HFS. Note the presence of pronounced post-tetanic potentiation. (C) Normalized group data
illustrating HFS-induced changes in EPSC amplitude for control MF-SLIN recordings (closed circles, n = 10) and MF-SLIN recordings in which
HFS was given in the presence of MSOP (open circles, n = 8). Also shown is the effect of HFS on DCGIV-insensitive (collateral) inputs to
SLINs (closed squares, n = 8). (D) Changes in PPR, CV, and failure rate associated with HFS-induced MF-SLIN LTD (*p < 0.05; **p < 0.01).
Scale bars in (A) and (B) are 20 pA/20 ms and error bars throughout represent SEM.mGluR7 antagonist MSOP prior to, during, and after
HFS (Figures 3B, 3C, and 4C). MSOP did not affect
basal synaptic transmission but completely blocked
HFS-induced MF-SLIN LTD: EPSC amplitude was 99% ±
10% of control 15 min post-tetanus (n = 8; p = 2.3 ×
10−3 versus control LTD). Additionally, MF-SLIN trans-
mission displayed post-tetanic potentiation (PTP) in
MSOP, revealing a previously unobserved (Lei and
McBain, 2002; Lei and McBain, 2004; Maccaferri et al.,
1998; Toth et al., 2000) activity-dependent potentiation
of MF-SLIN synapses. Based on these findings, we
conclude that NMDAR-independent presynaptic MF-
SLIN LTD requires mGluR7 activation by glutamate re-
leased during HFS.
Comparison of Chemical- and Activity-Induced
MF-SLIN LTD
If L-AP4- and activity-induced presynaptic LTD of MF-
SLIN transmission are overlapping phenomena, they
should share common signaling elements in addition tomGluR7 activation. Previous studies have produced lit-
tle information concerning cell-signaling events re-
sponsible for presynaptic MF-SLIN LTD except that,
despite presynaptic expression, induction requires in-
creased postsynaptic Ca2+ (Lei and McBain, 2002; Lei
and McBain, 2004). Consistently, we found that in-
terrupting stimulation during L-AP4 application blocked
chemical LTD: EPSC amplitude was 98% ± 12% of con-
trol 5 min post-L-AP4 perfusion (n = 7; p = 4.4 × 10−4
versus L-AP4 with stim; Figure 4A). These recordings
demonstrate that L-AP4-induced LTD requires coinci-
dent synaptic activity (pre and/or post) and, thus, is
Hebbian in nature, distinguishing it from the hetero-
synaptic LTD expressed at some CA1 interneurons
(McMahon and Kauer, 1997). To be certain that post-
synaptic Ca2+ is necessary for L-AP4-mediated LTD, we
performed recordings in which the postsynaptic cell
was loaded with BAPTA (20 mM) through the recording
pipette. In such recordings, EPSC amplitude was
100% ± 6.5% of control 10 min after L-AP4 washout
(n = 5; p = 7.0 × 10−3 versus L-AP4 no BAPTA), confirm-
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fFigure 4. PKC and Postsynaptic Ca2+ Are Required for MF-SLIN
aLTD
t(A) L-AP4 (400 M) mediated depression of MF-SLIN synapses is
prevented by interruption of synaptic stimulation (closed circles, j
n = 7) or 5 M chelerythrine (open circles, n = 7). Traces are from r
representative recordings taken at the times indicated. (B) Cheler- 2
ythrine also blocks HFS-induced MF-SLIN LTD. (C) Summary bar
dgraph comparing L-AP4- and HFS-induced LTD of MF-SLIN trans-
omission (n = 6 for L-AP4 at 33°C–35°C; n = 4 for HFS at 33°C–35°C;
9n = 5 for L-AP4 in BAPTA [20 mM]; tetanus in BAPTA is taken from
Lei and McBain (2002); values correspond to 5 min post-treatment; l
**p < 0.01 versus control EPSC amplitude measured immediately p
preceding L-AP4 application or HFS). Scale bars in (A) and (B) are t
20 pA/20 ms and error bars throughout represent SEM.
t
bng that increased postsynaptic Ca2+, presumably gen-
rated by influx through CP-AMPARs, is indeed re-
uired for chemical MF-SLIN LTD (Figure 4C).
To extend previous observations of intracellular sig-
aling mechanisms governing MF-SLIN LTD, we also
xamined the potential involvement of protein kinase
ctivity in both chemical- and activity-induced MF-
LIN LTD. Group III mGluRs are typically presumed to
ignal through a reduction in cAMP levels (Conn and
in, 1997); however, MF-SLIN synapses have pre-
iously been demonstrated to lack cAMP/PKA-depen-
ent regulation (Maccaferri et al., 1998). Thus, we first
ocused on PKC, as this kinase has also been linked to
GluR7 function (Perroy et al., 2000; Perroy et al.,
002a; Perroy et al., 2002b) and implicated in another
orm of MF-interneuron plasticity (Alle et al., 2001). Like
SOP, the PKC inhibitor chelerythrine prevented both
-AP4- and HFS-induced MF-SLIN LTD without altering
asal synaptic transmission (Figures 4A–4C). Indeed, a
mall amount of potentiation was transiently observed
ollowing HFS in chelerythrine (Figure 4B), similar to the
TP observed in MSOP. In contrast, the PKA inhibitor
-89 (1 M) did not block L-AP4-mediated inhibition of
F-SLIN synapses (EPSCs depressed to 52% ± 11%
f control, n = 5; p = 0.62 versus L-AP4 alone; data
ot shown). Finally, because recording temperature can
ramatically impact cell-signaling events, and all
tudies concerning MF-SLIN plasticity to date have
een performed at room temperature, we assessed
hether L-AP4- and HFS-induced LTD occur at more-
hysiological recording temperatures. In recordings
erformed at 33°C–35°C, L-AP4 and HFS produced de-
ression comparable to that observed in room temper-
ture recordings (Figure 4C and Figure S1). Thus, both
hemical- and activity-induced LTD of MF-SLIN synap-
ic transmission occur at physiological temperatures
nd depend upon mGluR7 activation, PKC function,
nd increased postsynaptic calcium. Collectively, these
indings demonstrate that both forms of plasticity ap-
ear to be overlapping phenomena.
GluR7 Internalization Reveals Activity-Induced
otentiation of MF-SLIN Synapses
o further investigate whether LTD induced by L-AP4
erfusion shares common cell-signaling mechanisms
ith HFS-induced LTD, we applied HFS to synapses
hat had already undergone persistent depression in re-
ponse to L-AP4 treatment (Figures 5A and 5B). Sur-
risingly, rather than simple occlusion, when LTD was
irst induced chemically with L-AP4, subsequent HFS
ctually potentiated MF-SLIN transmission: 10 min af-
er HFS, EPSC amplitude was 162% ± 12.7% of that
ust prior to tetanus (n = 13; p = 8.1 × 10−5). Similar
esults were obtained in recordings performed at both
2°C–25°C (n = 9) and at 33°C–35°C (n = 4); thus, the
ata have been pooled. The HFS-induced potentiation
f MF-SLIN transmission returned EPSC amplitude to
9% ± 4.7% of control levels obtained during the base-
ine period prior to L-AP4 treatment, providing com-
lete dedepression of the synapses. Furthermore, po-
entiation persisted for the duration of recordings (up
o 30 min post-HFS [n = 5]; Figure 5B) and, thus, can
e considered a form of long-term potentiation.
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95Figure 5. L-AP4 Treatment Unmasks Presynaptic MF-SLIN LTP
(A and B) Representative single MF-SLIN recording (A) and group data ([B], n = 6 to 25 min and 5 to 45 min) illustrating HFS-induced LTP of
MF-SLIN transmission following L-AP4 (400 M) treatment. In (A), the potentiated responses are demonstrated to retain DCGIV sensitivity
while the group data in (B) illustrate the long time course of MF-SLIN LTP. Group data consist of pooled data from recordings performed at
room temperature (n = 2) and at 33°C–35°C (n = 4). The inset in (B) shows the effect of HFS on MF-SLIN synapses in the presence of DCGIV.
(C) Changes in PPR (open bars), CV (closed bars), and failure rate (hatched bars) associated with the treatments indicated (nR 5; **p < 0.01).
(D) Effect of two rounds of HFS on MF-SLIN transmission (n = 5). Note that the second HFS does not produce LTP but rather augments
depression. Scale bars in (A), (B), and (D) are 20 pA/20 ms. Error bars throughout are SEM.Changes in PPR, CV, and failure rates reveal that, like
NMDAR-independent LTD, the newly uncovered MF-
SLIN potentiation results from changes in presynaptic
function (Figure 5C). Thus, mGluR7-mediated depres-
sion of MF transmission not only produces MF-SLIN
LTD but also reveals the capacity of MF-SLIN synapses
to display presynaptic potentiation in response to the
same stimulus that produces LTD in naive slices.
Unlike glutamatergic synapses onto principal neu-
rons, LTP has been observed at only a limited number
of excitatory inputs onto interneurons (Alle et al., 2001;
Laezza and Dingledine, 2004; Perez et al., 2001), and
reports of bidirectional plasticity are rare (Alle et al.,
2001; Laezza and Dingledine, 2004). The requirement
for L-AP4 treatment to reveal bidirectional plasticity of
MF-SLIN transmission suggests that the recent history
of activity shapes plasticity, reminiscent of state-depen-
dent plasticity described at other central synapses
(Bortolotto et al., 1994; Lee et al., 2000; Montgomeryand Madison, 2002). Since presynaptic MF-SLIN LTD
results from a reduction in synaptic cleft glutamate
concentration (Lei and McBain, 2004), it is possible that
MF-SLIN potentiation may simply occur in response to
HFS under conditions of low release probability. To test
this, we attempted to induce LTP after depressing MF
release via an mGluR7-independent mechanism. HFS
of MFs in the presence of DCGIV, which reversibly de-
presses release probability at SLIN inputs (Lawrence et
al., 2004), failed to induce a similar potentiation of MF-
SLIN synaptic transmission: DCGIV depressed trans-
mission to 39% ± 14% of control, and EPSCs remained
at 34% ± 12% of control five min after subsequent HFS
(inset in Figure 5B). Furthermore, when MF-SLIN LTD
was induced with HFS in naive slices, a second HFS
induction protocol, delivered after LTD had stabilized,
did not potentiate MF-SLIN transmission but rather
augmented depression (Figure 5D). Thus, conversion of
depressing MF-SLIN synapses to potentiating ones oc-
Neuron
96curs independently of a simple reduction in initial re- o
nlease probability.
The inability to uncover MF-SLIN LTP by two rounds
of HFS (Figure 5D) prompted us to consider differences D
between mGluR7 activation by synaptically released
glutamate and agonist perfusion. One major difference A
is the duration of agonist exposure: chemical LTD in- P
volves L-AP4 application for several minutes, while the t
HFS protocol limits glutamate exposure to just a few h
seconds. As G protein-coupled receptors typically un- s
dergo internalization during prolonged agonist expo- i
sure (Ferguson, 2001), we hypothesized that L-AP4 per- p
fusion may cause agonist-induced internalization of n
mGluR7, revealing a “state” permissive for subsequent p
MF-SLIN LTP generation. S
To determine whether mGluR7 is in fact internalized a
in response to agonist, we first performed internaliza- a
tion assays with N-terminally myc-tagged mGluR7 ex- t
pressed in cultured hippocampal neurons (Figures 6A H
and 6B). We found that L-AP4 treatment increased o
mGluR7a internalization to 157% ± 12% above consti- p
tutive levels. Similarly, internalization of mGluR7b, the t
splice variant primarily expressed at MF-SLIN synapses n
(Shigemoto et al., 1997), was increased by L-AP4 treat- t
ment to 251% ± 29% of basal levels. As with L-AP4- o
mediated depression of MF-SLIN transmission, ago- h
nist-induced internalization of mGluR7 (a and b) was i
antagonized by MSOP (Figure 6B) and could not be re- b
produced with the non-mGluR7 group III mGluR ago- 2
nists ACPT-1 and DCPG (data not shown). Thus, neu- o
rons can indeed regulate surface levels of mGluR7 by p
internalizing the receptor in response to agonist ex- s
posure. a
To determine whether mGluR7 expressed in MF ter- d
minals also undergoes internalization following agonist d
exposure, we performed immunoelectron microscopy p
with an antibody against mGluR7b (Shigemoto et al., s
1997) in tissue obtained from acute mouse hippocampal b
slices treated with or without L-AP4 (Figure 6C). In control t
tissue, using immunoperoxidase labeling, mGluR7b immu- e
noreactivity consistently localized within active zones in
close apposition to presynaptic membranes making i
asymmetric synapses in stratum lucidum as previously t
reported in rat (Shigemoto et al., 1997). In contrast, r
mGluR7b immunoreactivity in L-AP4-treated tissue typ- L
ically localized far from the active zone deep within a
presynaptic boutons making asymmetric synapses d
within stratum lucidum (Figure 6C). The accumulation m
of mGluR7b deep within MF boutons in L-AP4-treated b
slices strongly suggests that MF-expressed mGluR7b F
does undergo agonist-induced internalization similar to n
that observed in the cultured neurons. Consistent with i
these observations, and our hypothesis that mGluR7 is o
internalized during chemical LTD induction, we found P
that when stable MF-SLIN LTD was produced by L-AP4 t
perfusion, subsequent L-AP4 treatment failed to pro- (
duce further depression (Figure 6D). In contrast, if LTD p
was first induced by HFS, subsequent L-AP4 applica- l
tion produced further depression (Figure 6E). Together a
these data indicate that prolonged agonist exposure d
causes mGluR7 internalization, while brief activation r
during HFS may leave sufficient mGluR7 on the mem- (
abrane for subsequent activation and further depressionf MF-SLIN synapses, as seen with two rounds of teta-
us (cf. Figure 5D).
iscussion
natomical specialization of MF inputs contacting
YRs and SLINs (Acsady et al., 1998) suggests that cell
arget-specific regulation of MF transmission in CA3
ippocampus could result from segregation of distinct
ignaling molecules to presynaptic elements contact-
ng PYRs and SLINs. The marked bias in mGluR7 ex-
ression at MF presynaptic elements contacting inter-
eurons and not PYRs (Shigemoto et al., 1997)
rovided impetus to investigate the regulation of MF-
LIN transmission by mGluR7. We found that mGluR7
ctivation by exogenous agonist paired with basal syn-
ptic stimulation mimicked activity-induced presynap-
ic MF-SLIN LTD and blockade of mGluR7 prevented
FS-induced presynaptic MF-SLIN LTD. Additionally,
ur investigation revealed the ability of chemically de-
ressed MF-SLIN synapses to undergo LTP in response
o the same stimulation paradigm that generates LTD at
aive synapses. Together our electrophysiological and
rafficking studies indicate that persistent potentiation
f MF-SLIN transmission results only when synapses
ave internalized surface-expressed mGluR7, explain-
ng why LTP at MF-SLIN synapses has not previously
een observed (Lei and McBain, 2002; Lei and McBain,
004; Maccaferri et al., 1998; Toth et al., 2000). Based
n these findings, we propose that mGluR7 is a meta-
lastic switch at MF-SLIN synapses. When on the pre-
ynaptic membrane, mGluR7 is available for activation
nd subsequent internalization by glutamate released
uring HFS. Such mGluR7 activation induces a PKC-
ependent reduction in transmitter release resulting in
resynaptically expressed LTD of synaptic transmis-
ion. In contrast, after sufficient levels of mGluR7 have
een internalized, the same HFS produces a presynap-
ically expressed persistent enhancement of synaptic
fficacy.
By comparing and contrasting the regulation of MF
nputs to PYRs and SLINs, the present study highlights
he compartmentalized nature of signaling mechanisms
egulating MF synaptic transmission. In contrast to the
TD observed at MF-SLIN synapses, L-AP4 produced
fully reversible depression at MF-PYR synapses. This
ifference is likely attributable to the fact that L-AP4-
ediated regulation of MF-PYR synapses is mediated
y group III mGluRs other than mGluR7 (mGluR4/8, cf.
igures 2C and 2D), which may couple to different sig-
aling elements. Interestingly, the reverse scenario ex-
sts for group II mGluR (mGluR2/3)-mediated regulation
f MF inputs: mGluR2 activation produces LTD of MF-
YR transmission (Tzounopoulos et al., 1998) but only
ransient reversible depression at MF-SLIN synapses
current findings and Maccaferri et al., 1998). While it is
ossible that these disparities in presynaptic MF regu-
ation result from selective targeting of different MF
xon populations to SLINs and PYRs, anatomical evi-
ence indicates that filipodial MF-SLIN inputs arise di-
ectly from large MF terminals innervating PYR spines
Acsady et al., 1998). Thus, we conclude that group II
nd III mGluRs mediate reciprocal roles in both short-
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(A) The upper panels display merged immunofluorescent images of representative cultured hippocampal neurons transfected with myc-
mGluR7a and labeled for the surface (red) and internalized (green) receptor populations after treatment with (L-AP4) or without (control)
agonist (400 M). The lower panels show higher-magnification images of the individual processes boxed in the upper panels. (B) Bar graph
summarizing quantitative data for L-AP4 (400 M)-induced mGluR7a and mGluR7b internalization. Also shown is the effect of L-AP4 applied
in the presence of MSOP for both mGluR7a and mGluR7b. Internalization was assessed by counting green voxels not colocalized with red in
three to six independent experiments using randomly selected processes from representative neurons for each condition (see Experimental
Procedures). Data are presented as percentage of control internalization assessed in the untreated cultures incubated with PBS conditioning
media lacking L-AP4 or MSOP (n R 30 processes analyzed for each condition; **p < 0.01, t test). (C) Representative electron micrographs
showing immunoreactivity for mGluR7b in CA3 stratum lucidum. HRP reaction product (arrowheads) for mGluR7b is found at the active zone
of boutons (b) making asymmetrical synapses in untreated tissue (control) and within boutons (b) far from the active zone at asymmetrical
synapses in L-AP4-treated tissue (L-AP4). In each panel, the postsynaptic density is outlined by arrows, and scale bars are 0.1 m. (D and
E) Group data summarizing recordings in which MF-SLIN synapses were treated with L-AP4 (400 M) twice (D) or once after LTD was induced
by HFS (E). Traces are from representative recordings from each group (scale bars, 20 pA/20 ms). Error bars throughout represent SEM.
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98and long-term regulation of synaptic efficacy at different s
ppresynaptic elements arising from common mossy fiber
afferents. Control of LTD induction by mGluR7 and a
amGluR2 at MF-SLIN and MF-PYR synapses, respectively,
may explain the dramatically different induction protocols p
brequired at each synapse type. Despite optimal local-
ization to the active zone of presynaptic terminals, the a
dextremely low affinity of mGluR7 for glutamate (0.1–1
mM) suggests that MF-SLIN LTD induction will proceed F
only under conditions of intense presynaptic stimula-
tion, as occurs during the HFS protocol. Whether this v
mwould result via pooling of glutamate from multiple re-
lease sites or increased glutamate release, i.e., multive- u
Csicular release, from a single site remains to be deter-
mined (Hallermann et al., 2003; Lei and McBain, 2004). d
hIn contrast, the lower levels of glutamate achieved with
1 Hz stimulation typically used to induce MF-PYR LTD M
vare sufficient to activate mGluR2, which has approxi-
mately 100-fold higher affinity for glutamate. t
pA further distinction between LTD at MF-SLIN and
MF-PYR synapses is the second messenger systems o
Cutilized downstream of mGluR activation. Both chemi-
cal- and activity-induced MF-SLIN LTD required PKC s
iactivity in contrast to LTD at MF-PYR synapses where
reduced PKA function is required (Tzounopoulos et al., m
f1998). Similarly, PKC rather than PKA activity is impli-
cated in presynaptic LTP at MF-dentate gyrus basket S
Bcell synapses (Alle et al., 2001). A role for PKC in
mGluR7-mediated LTD may appear surprising given t
Lthat group III mGluRs typically signal by reducing cAMP
levels in heterologous expression systems (Conn and A
nPin, 1997). However, it is well established that, in stark
contrast to MF-PYR transmission, MF-SLIN synapses d
tare not influenced by cAMP levels (Maccaferri et al.,
1998). Consistent with our findings, mGluR7 has been H
pdemonstrated to directly bind the PKC scaffolding pro-
tein PICK1 (Boudin et al., 2000; Dev et al., 2000; El Far t
aet al., 2000; Enz and Croci, 2003), and this interaction
is necessary for mGluR7-mediated depression of pre- a
asynaptic release in cultured cerebellar granule cells
(Perroy et al., 2002a). Furthermore, PKC activity is re- A
fquired for mGluR7-mediated persistent depression of
P/Q-type Ca2+ channels (Perroy et al., 2000; Perroy et b
bal., 2002b).
In addition to PKC activity, presynaptic MF-SLIN LTD t
arequired increased postsynaptic Ca2+, presumably by
influx through CP-AMPARs. These findings are consis- w
htent with a previous investigation concerning HFS-
induced MF-SLIN LTD in rat (Lei and McBain, 2002) and c
iindicate that postsynaptic Ca2+ triggers the formation
of a retrograde trans-synaptic signal necessary to main- t
ntain the initial depression of release produced by pre-
synaptic mGluR7 activation. Thus, we propose that 2
MF-SLIN LTD induction proceeds via coincident pre-
synaptic (mGluR7 activation) and postsynaptic (in- l
Screased Ca2+) triggering events with expression being
consolidated presynaptically by the retrograde mes- r
dsenger. Similar, retrograde signaling has been proposed
to mediate presynaptically expressed plasticity at other i
rcentral synapses, including MF-inputs to PYRs and
dentate gyrus basket cells (Alle et al., 2001; Contractor a
aet al., 2002; Yeckel et al., 1999). Indeed, trans-synaptic
ephrin signaling is necessary for MF-PYR LTP (Con- c
dtractor et al., 2002), and endocannabinoid retrogradeignaling is implicated in various forms of synaptic
lasticity (Chevaleyre and Castillo, 2003; Gerdeman et
l., 2002). While the nature of the trans-synaptic signal
t MF-SLIN synapses requires further investigation, its
resence ensures that presynaptic MF-SLIN LTD is Heb-
ian in nature, requiring coincident pre- and postsynaptic
ctivation, thus, explaining the inability of L-AP4 to pro-
uce LTD in the absence of synaptic stimulation (cf.
igure 4A).
The most unexpected observation of the current in-
estigation was the ability of L-AP4 treatment to un-
ask MF-SLIN LTP in response to the exact same stim-
lation protocol that produces LTD at naive synapses.
ollectively, our paired-pulse, CV, and failure analyses
emonstrate that potentiation of MF-SLIN transmission
as a presynaptic locus of expression, indicating that
F-SLIN dedepression functionally represents the re-
erse process of presynaptic MF-SLIN LTD. This is not
o say that potentiation at MF-SLIN synapses simply
roceeds as the reverse of LTD mechanistically. Indeed,
ur preliminary observations suggest that postsynaptic
a2+ does not play a role in potentiation of MF-SLIN
ynapses (K.A.P. and C.J.M. unpublished data), and our
nternalization data argue against a role for surface
GluR7 in HFS-induced potentiation. Clearly, identi-
ying the molecular players in the newly discovered MF-
LIN LTP will be a key focus of future investigations.
idirectional synaptic plasticity has been reported for
wo other interneuron populations (Alle et al., 2001;
aezza and Dingledine, 2004). Interestingly, at CP-
MPAR containing CA3 collateral-st. radiatum inter-
euron synapses, HFS was originally reported to pro-
uce presynaptic mGluR7-dependent LTD similar to
hat observed in the present study (Laezza et al., 1999).
owever, a recent study indicates that bidirectional
lasticity at these synapses depends upon postsynap-
ic membrane potential and NMDAR activation (Laezza
nd Dingledine, 2004). Similarly, bidirectional plasticity
t MF-dentate gyrus basket cell synapses is postsyn-
ptic membrane potential-dependent (Alle et al., 2001).
ll recordings in the present investigation were per-
ormed with NMDARs blocked and postsynaptic mem-
rane potential held constant, indicating that MF-SLIN
idirectional plasticity is fundamentally different from
hat reported for CA3 collateral-radiatum interneuron
nd MF-dentate basket cell synapses. Furthermore,
ith NMDAR signaling intact and postsynaptic cells
eld close to resting membrane potential, CP-AMPAR
ontaining MF-SLIN synapses exhibit only LTD follow-
ng HFS (Lei and McBain, 2002), while CP-AMPAR con-
aining collateral-radiatum interneuron synapses give
onuniform responses to HFS (Laezza and Dingledine,
004).
Rather than NMDAR activation or membrane depo-
arization, our findings indicate that potentiation of MF-
LIN synapses occurs in response to HFS following the
emoval of mGluR7 from presynaptic terminals. The
ramatic switch in polarity of MF-SLIN synaptic plastic-
ty could result from mGluR7 internalization triggered
elease of a presynaptic substrate necessary for gener-
ting LTP. Of potential relevance is a report that mGluR7
ctivation inhibits phosphorylation of the synaptic vesi-
le-associated protein synapsin I (Hay et al., 2000). In-
eed, MF-PYR LTP requires phosphorylation of the
mGluR7 Governs Excitatory Drive onto Interneurons
99vesicle-associated protein RIM1α (Castillo et al., 2002).
Thus, removal of mGluR7 from MF presynaptic mem-
branes contacting SLINs could allow these inputs to
behave like mGluR7 lacking terminals contacting PYRs.
The importance of mGluR7 internalization rather than
just blockade is emphasized by the inability to convert
MF-SLIN PTP observed during MSOP treatment into
LTP (cf. Figure 3C). Perhaps surface-expressed
mGluR7 sequesters the putative substrate, protecting
it from phosphorylation, then releases it upon internal-
ization. To date, investigations into mGluR trafficking
have focused primarily on group I mGluRs (Dale et al.,
2001; Iacovelli et al., 2003; Mundell et al., 2003; Roche
et al., 1999); however, future studies into the cellular/
molecular determinants of mGluR7 trafficking should
reveal physiological conditions under which depressing
MF-SLIN synapses are converted to potentiating ones.
Interestingly, the interaction of mGluR7 with PICK1 me-
diates presynaptic clustering (Boudin et al., 2000); thus,
regulated disruption of this complex could provide an
attractive means for MF-SLIN synapses to control plas-
ticity.
In conclusion, our findings reveal cellular mecha-
nisms governing long-term plasticity at excitatory syn-
apses onto interneurons. Most importantly, we have
discovered a long-sought bidirectional control of feed-
forward inhibition in the MF-CA3 pathway (Bischof-
berger and Jonas, 2002; Lawrence and McBain, 2003).
As MF inputs to SLINs greatly outnumber those onto
PYRs (Acsady et al., 1998), it has been argued that de-
pression at MF-SLIN synapses is critical for excitation-
spike generation in PYR targets (Lawrence and McBain,
2003). However, continued depression of feedforward
inhibition in response to multiple barrages of dentate
activity would create an inherently unstable circuit pre-
disposed to epileptiform activity and excitotoxicity. Our
findings demonstrate that MF feedforward inhibition
can also be potentiated following intense stimulation.
This increase in the efficacy of MF-SLIN transmission is
likely essential for restoring balance to CA3 excitation/
inhibition dynamics. The requirement for the circuit to
first undergo depression may ensure efficient dentate-
CA3 information throughput for appropriate short high-
frequency burst activity, as occurs when an animal
moves into the place field of a dentate granule cell
(Henze et al., 2002). Subsequent MF-SLIN synaptic
strengthening during prolonged granule cell discharges
should combat pathological alterations in MF circuit
behavior.
Experimental Procedures
Hippocampal Slice Preparation
Hippocampal slices were typically prepared from 14-day-old
(range, 12–22) C57BL/6 mice as described previously (Toth et al.,
2000). Briefly, mice were anesthetized with isoflurane, and the brain
was dissected out in ice-cold saline solution containing 130 mM
NaCl, 24 mM NaHCO3, 3.5 mM KCl, 1.25 mM NaH2PO4, 0.5 mM
CaCl2, 5.0 mM MgCl2, and 10 mM glucose, saturated with 95% O2
and 5% CO2 (pH 7.4). Transverse hippocampal slices (300 m) were
cut using a VT-1000S vibratome (Leica Microsystems, Bannock-
burn, IL) and then incubated in the above solution at 35°C for re-
covery (30 min) following which they were kept at room temper-
ature until use. All animal procedures conformed to the National
Institutes of Health animal welfare guidelines.Whole-Cell Recordings
Individual slices were transferred to a recording chamber and per-
fused (3–5 ml/min) with extracellular solution comprised of 130 mM
NaCl, 24 mM NaHCO3, 3.5 mM KCl, 1.25 mM NaHPO4, 2.5 mM
CaCl2, 1.5 mM MgCl2, 10 mM glucose, 0.005 mM bicuculline meth-
obromide, and 0.05–0.1 mM DL-APV, saturated with 95%O2/
5%CO2 (pH 7.4). SLINs and PYRs were visually identified within
the first 100 m of slices using a 40× objective and IR-DIC video
microscopy (Zeiss Axioskop). Only interneurons with cell somata
clearly localized within or just on the border of stratum lucidum and
radiatum were included in the SLIN data groups. Whole-cell patch-
clamp recordings of SLINs and PYRs were performed using a
multiclamp 700A amplifier (Axon Instruments, Foster City, CA) in
voltage-clamp mode at a holding potential of −60 mV. The majority
of recordings were performed at room temperature (22°C–25°C);
however, all key observations were replicated at more physiologi-
cally relevant temperatures (33°C–35°C), as indicated throughout
the text and figures. Recording electrodes (2.5–6 M) pulled from
borosilicate glass (World Precision Instruments) were filled with 100
mM Cs-gluconate, 5 mM CsCl, 0.6 mM EGTA, 5 mM MgCl2, 8 mM
NaCl, 2 mM ATP2Na, 0.3 mM GTPNa, 40 mM HEPES, 0.1 mM
spermine, and 1 mM QX-314 (pH 7.2–7.3), 290 mOsm. Biocytin
(0.2%) was routinely added to the recording electrode solution to
allow post hoc morphological processing of recorded cells. Un-
compensated series resistance, 8–20 M, was rigorously moni-
tored by the delivery of −5 mV voltage steps throughout the experi-
ment, and recordings were discontinued following changes of
>15%. Synaptic responses were evoked at 0.2–0.33 Hz by low-
intensity stimulation (100–150 s duration, 25–100 A intensity) in
the dentate gyrus, or stratum lucidum, via a constant current isola-
tion unit (A360, World Precision Instruments, Sarasota, FL) con-
nected to a patch electrode filled with oxygenated extracellular so-
lution. High-frequency stimulation consisted of 100 Hz stimulation
for 1 s given three times at an interval of 10 s. Data acquisition
(filtered at 3 kHz, digitized at 20 kHz) and analysis were performed
using a PC equipped with pClamp 9.0 software (Axon Instruments).
In the majority of experiments, MF origin of EPSCs was deter-
mined by perfusion with DCGIV; however, once we determined that
L-AP4 was also specific for MFs (cf. Figure 2B), the DCGIV test was
eliminated in some experiments where L-AP4 was used (cf. Figure
S1). Unlike MF-PYR synapses where DCGIV inhibition is typically
>80%, MF inputs to interneurons display considerably less DCGIV
sensitivity, typically reaching a maximum inhibition of 60% with
prolonged application (Doherty and Dingledine, 1998; Lawrence et
al., 2004; Toth and McBain 1998; Walker et al., 2002). This lesser
inhibition by DCGIV at MF-interneuron synapses represents an in-
herent difference between MF terminals contacting PYRs and inter-
neurons rather than contamination by non-MF synapses, since it
can be observed at unitary inputs as a change in failure rate with no
change in potency (Lawrence et al., 2004). Similarly, we observed
considerably less inhibition of MF-SLIN synapses than MF-PYR
synapses by DCGIV (cf. Figures 1E, 2C, and 2D), although in many
cases DCGIV was applied only briefly at the beginning of experi-
ments. In contrast, collateral inputs were completely insensitive to
DCGIV (as well as L-AP4 and HFS [cf. Figures 2B and 3C]).
Data Analysis
EPSC amplitudes were measured during a 1–1.5 ms window
around the peak of the waveform, and, for group data, amplitudes
were normalized to the mean amplitude obtained during the base-
line period (first 5 or 10 min). Data are presented as means ± SEM,
with paired or unpaired t tests used to assess statistical signifi-
cance as appropriate. Latencies and 20%–80% rise times were ob-
tained from 20 to 30 individual traces within a given experiment
and then averaged to obtain a mean value. Latencies were deter-
mined as the time interval between the center of the stimulus arti-
fact and the beginning of the EPSC. The PPR was calculated as
the mean P2/mean P1, where P1 was the amplitude of the first
evoked current and P2 was the amplitude of the second synaptic
current obtained for consecutive individual traces. The CV of syn-
aptic currents was calculated as the SD of current amplitude di-
vided by mean (x) of the current amplitude (CV = SD/x) for sequen-
tial (20 to 50) EPSCs. Rectification index (RI) was generated from
Neuron
100averaged (10 to 20 traces) EPSC amplitudes at a series of holding G
opotentials between −60 and +40 mV. EPSC amplitudes recorded at
negative holding potentials (from −60 to −20 mV) were fit by a linear a
(regression, and the RI was defined as the ratio of the actual current
amplitude at +40 mV to the predicted linear value at +40 mV. s
a
DHistological Methods
(Slices containing biocytin-filled cells were drop fixed (4% parafor-
wmaldehyde, 0.2% picric acid in 0.1 M phosphate buffer) overnight
at 4°C, permeabilized (freeze-thaw or triton), and incubated with
Alexa 488-conjugated avidin (Molecular Probes). Following multiple
Swashes, slices were resectioned (70 m) and mounted on gelatin-
Tcoated slides using Mowiol (Calbiochem) mounting medium. Con-
ofocal images of stained cells were obtained with a Leica TCS SP2
RS confocal microcope. Frames of maximum projection images for
each cell were stitched together, converted to grayscale and in-
Averted in Adobe Photoshop.
TmGluR7 Internalization Assay
DMethods for the internalization assay are described in detail else-
rwhere (Lavezzari et al., 2004). Briefly, cultured hippocampal neu-
srons (10 DIV) were transfected with N-terminally myc-tagged
AmGluR7a or mGluR7b (Perroy et al., 2000) using the calcium phos-
Tphate coprecipitation method. After 48 hr, cultures were washed in
(PBS and incubated with monoclonal anti-myc antibody (9E10,
(Santa Cruz Biotechnology) for 45 min at room temperature to label
surface-expressed protein. Following removal of the anti-myc anti-
Rbody, cultures were returned to conditioned media with or without
RL-AP4 (400 M) as well as L-AP4 + MSOP for 15 min at room tem-
Aperature. Cells were washed in PBS and fixed (4% paraformalde-
Phyde/4% sucrose in PBS for 15 min) then incubated for 30 min
at room temperature with Alexa 568-conjugated (red) anti-mouse
Rsecondary antibody (Molecular Probes, Eugene, OR) to label the
surface population. After removal and wash of the red secondary
Aantibody, cells were permeabilized (0.25% Triton X-100 in PBS for
G5 min), incubated with blocking solution (10% normal goat serum
ifor 30 min), then incubated with Alexa 488-conjugated (green) anti-
mouse secondary antibody (30 min) to label the internalized pop- A
ulation. After washing in PBS, cells were mounted (ProLong Anti- c
fade Kit, Molecular Probes) and imaged with a 63× objective on a U
Zeiss LSM 510 confocal microscope. Alexa 568 dye was excited B
with a 543 nm HeNe laser, and the emission was collected beyond f
560 nm. Alexa 488 dye was excited with an Ar 488 nm laser, and s
the emission was collected between 500 and 550 nm. No cross-talk
Bbetween channels was detected with these settings. Serial optical
(sections collected at 0.34 m intervals were used to create maxi-
rmum projection images that were used for quantitative analysis
3with Volocity 2 software (Improvision). Internalization (green voxels
Bnot colocalized with red) was assessed in at least three indepen-
Pdent experiments (from three independent hippocampal prepara-
qtions) for each condition. In a given experiment, three to four pro-
cesses (10–15 m) were randomly selected from three to four C
transfected neurons for each condition (9 to 16 processes per con- R
dition per experiment). Data are presented as percentage of control t
internalization assessed in the untreated cultures incubated with C
PBS conditioning media lacking L-AP4 or L-AP4 in MSOP. Statisti- p
cal significance was assessed using t tests, with identical results i
(p % 0.01) obtained by counting each process as an independent
C
observation or restricting the degrees of freedom by using a mean
m
of means for each experimental condition.
3
CPre-Embedding Immunocytochemistry
G
Hippocampal slices from six P13–P20 mice were prepared as de-
e
scribed above for electrophysiological recordings. Following recov-
1
ery, slices were incubated in the extracellular solution used for
Delectrophysiological recordings and treated with or without L-AP4
F(400 M) for 5 min (n = 8 slices for each condition from six different
oanimals). Treated slices were then sandwiched between two Milli-
2pore filters to avoid deformations and fixed for 1–7 days in a solu-
stion containing 4% paraformaldehyde and 0.1% glutaraldehyde in
phosphate buffer (0.1 M, pH 7.4). Fixed slices were then gelatine- D
aembedded, resectioned at 60 µm thickness, and processed for
electron microscopy pre-embedding immunocytochemistry as in pardiol et al. (1999). Rabbit anti-mGluR7b antibody (1:300; Shigem-
to et al., 1997) was visualized with biotinylated goat anti-rabbit
ntibody (1:200; Vector Laboratories, UK) followed by ABC Elite Kit
Vector Labs) with the peroxidase reaction revealed by incubating
ections in 0.05% 3,3#-diaminobenzidine and 0.01% H2O2. The re-
cted sections were osmicated, dehydrated, and flat-embedded in
urcupan resin (Fluka). Ultrathin sections of CA3 stratum lucidum
70–90 nm) were countercolored with uranyl acetate and visualized
ith a Phillips CM10 transmission electron microscope at 80 kV.
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